performed to assess the internal consistency of the data set. DNA sequences of this study are under GenBank accession numbers AF238981 through AF238995. 22. F. Chiang-Cabrera, dissertation, University of Texas, Austin (1981 (10) , and endomembrane calcium transport contributes to the [Ca 2ϩ ] cyt signal (7, (11) (12) (13) in expression of the C-subunit of the V-type H ϩ -adenosine triphosphatase (V-ATPase) (14) . det3 was identified by its failure to repress light-specific development in the dark; it has a dwarf phenotype, but normal stomatal development (14) . Figure 1 shows DET3 promoter-driven DET3-green fluorescent protein (GFP) fluorescence in Arabidopsis guard cells (Fig. 1A) , protoplasts (Fig.  1C) , and isolated vacuoles (Fig. 1D) (Fig. 2, A (Fig. 3A) , or more prolonged oscillations ( Fig. 3B) , with a magnitude of ϳ500 nM and a period of 468 Ϯ 41 s (n ϭ 40) for transients and 333 Ϯ 35 s (n ϭ 6) for oscillations ( also induced stomatal closure to the same extent in WT and det3 (Fig. 3E) (Fig. 4, D and E) .
Cold (Fig. 4G) . Cold elicited stomatal closure to the same extent in det3 and WT (P Ͻ 0.05) (Fig. 4H) .
Calcium contents ( predominantly vacuolar and ER) measured by elemental x-ray microanalysis (26 ) in intact guard cells of open stomates were indistinguishable between WT and det3 (calcium as weight percent of total K ϩ , Na ϩ , and Ca 2ϩ ϭ 34.3 Ϯ 1.2% for WT and 34.7 Ϯ 0.7% for det3, n ϭ 90 each). These data suggest that the residual 40% V-ATPase activity is sufficient to allow long-term intracellular calcium accumulation in det3. 5A , n ϭ 20 cells) and resulted in stomatal closure (Fig. 5B, left was repetitively exchanged (27). One 300-s hyperpolarization resulted in a single calcium transient, indicating that spontaneous oscillations were not initiated (Fig. 5C , n ϭ 12 cells). Continuous transfer into the hyperpolarizing buffer (0.1 mM K ϩ ) (Fig. 5D ) induced oscillations with a higher frequency than oscillations induced by 10 mM [Ca 2ϩ ] ext at 5 mM K ϩ [period ϭ 178 Ϯ 31 s, n ϭ 32 compared with 396 Ϯ 23 (Fig. 2B) ] and resulted in stomatal closure (Fig. 5B, (Fig. 4, D transporters located at separate intracellular calcium stores, as is found in animal cells (18, 19) , although certain components can be shared among stimuli (9, 24, 25) .
In det3 guard cells, the perfect correlation between those stimuli for which [Ca 2ϩ ] cyt oscillations were disrupted and stomatal closure was abolished strongly suggests that calcium oscillations are required for stomatal closure. Imposing oscillations rescued [Ca 2ϩ ] ext -induced stomatal closure in det3, supporting previous hypotheses that calcium oscillations are required for physiological responses in guard cells (30). Prolonged [Ca 2ϩ ] cyt increases in det3 (Fig. 2, C and D) or WT (Fig. 5, B and E) failed to elicit stomatal closure, suggesting, as in animal cells (1) (2) (3) , that disruption of oscillations has a negative effect on some physiological responses. Therefore, regulation of the mechanism(s) in guard cells necessary to mediate stomatal closure is probably encoded by a pattern of periodic [Ca 2ϩ ] cyt increases. Overall, these findings strongly suggest that in Arabidopsis guard cells, [Ca 2ϩ ] cyt oscillations are essential to elicit stomatal closure. ] cyt increases (n ϭ 20 from 10 stomates). (F) Depolarizing to hyperpolarizing buffer exchanges as in (A) in det3 guard cells (n ϭ 18 from 11 stomates). 2ϩ (50 M) was added for experiments with ABA or H 2 O 2 . Epidermal strips were mounted on coverslips with medical adhesive (Hollister, Libertyville, IL). Aperture measurements were done as described (8, 21) over a 3-hour period with the same buffers used for calcium imaging. To experimentally impose hyperpolarizations, we mounted epidermis in a 200-l chamber and changed the perfusion buffer every 300 s between 100 mM KCl, zero CaCl 2 , and 0.1 mM KCl, 10 mM CaCl 2 . Aperture measurements were made in the same chamber before and after solution exchanges. WT and det3 were treated simultaneously in blind assays in the same chamber. Guard cell protoplasts were prepared and recordings made by patch clamp as described (24) 1, 2) . By contrast, pedigree analyses of the human control region and protein-coding sequences suggest that the substitution rate is much higher: ϳ2.5 per site per My (3, 4) . This discrepancy may be a consequence of mutational hotspots in the control region and/or the mitochondrial disease state of the individuals included in the pedigree analyses (5, 6) . Because the rate and pattern of mitochondrial substitution observed over phylogenetic time are a function of both the baseline mutational spectrum and its subsequent modification by natural selection, they likely provide a highly biased view of the rate and pattern of mutation. Unfortunately, almost all of our current estimates are based on indirect arguments and observations that may be biased by the consequences of selection (7, 8) .
A direct estimate of the mitochondrial mutation rate and pattern was accomplished by sequencing 10,428 base pairs (bp) of the mitochondrial genomes of 74 Caenorhabditis elegans mutation accumulation (MA) lines maintained for an average of 214 generations by single-progeny descent (9 -12) . Each MA line was propagated in a benign environment across generations by a single, random worm. This resulted in an effective population size of each MA line equal to one; hence, the efficiency of natural selection was reduced to a minimum, ensuring that all mutations, except those with extreme effects, accumulated over time in a neutral manner. These lines are known to have undergone a substantial decline in productivity, survival to maturity, generation time, and fitness as a consequence of deleterious-mutation accumulation (12) .
Among the 74 MA lines, we analyzed 771,672 bp and observed 26 mutations for a total mutation rate equal to 1.6 ϫ 10 Ϫ7 per site per generation (Ϯ3.1 ϫ 10 Ϫ8 ), or based on an average generation time of 4 days, 14.3 per site per My (Ϯ2.8). Sixteen of these mutations were base substitutions (Table 1) , yielding a direct estimate of the mitochondrial mutation rate for base substitutions equal to 9.7 ϫ 10 Ϫ8 per site per generation (Ϯ2.4 ϫ 10 Ϫ8 ), or 8.9 per site per My (Ϯ2.2). This observed rate is two orders of magnitude higher than the phylogenetic estimates discussed above and exceeds rates derived from pedigree analyses (1-4) . The 16 base substitutions occurred across unique sites in 15 different MA lines, suggesting that the observed rate of base substitution is a product neither of hotspots nor of lines predisposed to mitochondrial mutation. Furthermore, the observed numbers of lines with 0, 1, and 2 mutations are nearly identical to those expected on the basis of a Poisson distribution (13) .
Animal mitochondrial DNA (mtDNA) evolution is characterized by a strong bias toward transition (G7A or T7C) substitutions, but it has been unclear whether this phenomenon is a consequence of selection or of the baseline mutational spectrum (14, 15) . Comparison of two natural isolates of C. elegans, N2 (England) and RC301 (Germany), revealed 27 transitions and 2 transversions in mtDNA (16) . Similarly, †To whom correspondence should be addressed. Email: thomaske@umkc.edu
